This study aims to provide psychophysical data on English language listeners' ability to discriminate tone pitch contours. Just noticeable differences (JND) of F0 contour changes were measured in six native listeners of American English. Previous work in our lab found English listener thresholds for offsets of falling tones to be significantly lower than those for onsets of rising tones. To what extent this difference is due to the position of the F0 shift versus the direction of the F0 contour is unclear. In this study, we control for 4 experimental factors: stimulus type (speech, nonspeech), position of F0 shift (onset, offset), direction of shift (upward, downward), and F0 contour direction (falling, rising). Preliminary results reveal that English listeners had significantly lower psychophysical thresholds for F0 shifts at the offset than at the onset. No significant difference was found for F0 shift direction, F0 contour direction, or stimulus type. The current data suggests that the F0 shift position was the primary determinant in our previous study, and replicates other findings showing that English listeners perceive tones on a psychophysical base. Future work will examine these results in relation to those of native tone language listeners.
INTRODUCTION
The effect of linguistic experience on a listener's perception of tone has been well researched, revealing significant evidence that non-tone language listeners process tone on a psychophysical basis (Liu, submitted; Hallé et al., 2004; Peng et al., 2010; Wu and Lin, 2008) . It is still uncertain to what extent various features of the acoustic signal affect non-tone language listeners' perception of tone. The goal of this study is to provide psychophysical data on English listener sensitivity to changes in tone pitch contours. Specifically, we aim to examine tone pitch contour discrimination as affected by variation in the pitch contour of the acoustic signal.
Previous research has shown tone pitch contour discrimination for English listeners to be better at the offsets of falling tones than at the onsets of rising tones (Liu, submitted) . However, it is unclear to what extent this is due to the position of F0 changes (onset versus offset) versus the direction of the tone contour (rising versus falling). Additionally, there are mixed findings regarding English listeners' perception of tone pitch contours for speech versus nonspeech (Xu et al., 2006; Liu, submitted) . The present study aims to examine English listeners' sensitivity to changes in tone pitch contour as it varies for onsets vs. offsets, rising vs. falling tones, and speech vs. nonspeech.
Based on previous work, we predict significantly lower discrimination thresholds for F0 changes at stimuli offsets relative to onsets. Previous production research has shown English intonation and pitch to exhibit great variability towards the end of sentences/words relative to the beginning (Chen et al., 2011; Eady and Cooper, 1986; Rodriguez and Liu, 2010) . Additionally, it has been shown that the pitch patterns of a listener's native language determine which acoustic properties of pitch the listener perceives as salient (Gandour and Harshman, 1978; Gandour, 1983) .
METHODS

A) Stimuli
The test was composed of both speech stimuli (the Mandarin Chinese vowel /ɑ/) and nonspeech stimuli (a tonal glide). To create the speech stimuli, a young native female speaker of Mandarin was recorded producing an isolated /ɑ/ with a high level tone. The F0 contour of the original vowel was then replaced with a synthesized set of linear F0 contours using a high-fidelity speech synthesizer, STRAIGHT (Kawahara et al., 1999) . To create the nonspeech stimuli, a linear swept-frequency signal was generated in MATLAB using a chirp function. The synthesized chirp was created with the same F0 frequencies as the speech stimuli. Two F0 contours served as the standard stimuli for the measures of tone discrimination for both speech and nonspeech sounds: 180-250 Hz and 250-180 Hz. The duration of all stimuli was equalized to 200 ms. The selection of these tone contours was based on the results of a previous study on tone identification (Yang and Liu, 2012) .
For both the speech and nonspeech materials, two subsets of stimuli were generated: an onset continuum in which the onset F0 frequency was manipulated from 140 to 300 Hz with the offset F0 frequency fixed, and an offset continuum in which the offset F0 frequency was manipulated from 140 to 300 Hz with the onset F0 frequency fixed. The two subsets of sounds served as the test stimuli with F0 contour changes. These continua were generated with fixed offset/onset frequencies at both 180 and 250 Hz, thus giving rise to onset and offset continua for a rising endpoint tone and onset and offset continua for a falling endpoint tone. Each continuum was composed of stimuli differing only in 1 Hz step sizes.
In order to counterbalance the conditions, just noticeable differences (JNDs) were examined for both positive and negative changes in F0. Thus, there were 4 experimental factors for examining F0 contour discrimination: stimulus type (speech, nonspeech), position of F0 change (onset, offset), F0 contour direction (falling, rising), and F0 change direction (positive, negative). In total, this yielded 16 conditions (see Fig. 1 ). 
Falling endpoint tone
B) Listeners
Six adults (half female, half male) between the ages of 19 to 22 served as listeners. All participants were native, monolingual speakers of American English with no previous exposure to tone languages. None of the listeners had formal musical education for more than five years and had not received any musical training in the last three years. All participants were enrolled as undergraduate students at the University of Texas at Austin and passed a hearingscreening test (1000, 2000, and 4000 Hz at 25 dB). Participants provided written informed consent and were paid for their participation.
C) Stimulus Presentation
Digital stimuli sampled at 48,828 Hz were presented to the right ears of listeners in a sound-treated booth via ER-2 insert earphones. Signal presentation was controlled by Sykofizx and Tucker-Davis Technologies (TDT) modules including a 16-bit real-time processor (RP 2.1) and a headphone buffer (HB7). The level of all stimuli was set to 70 dB SPL with 10-ms rise-fall ramps. The sound-pressures levels of acoustic signals were calibrated in a NBS-9A 2-c3 coupler by a Larson-Davis sound-level meter (Model 2800) with a linear weighting band.
D) Procedure
A three-interval, forced-choice procedure with a two-down, one-up tracking algorithm (estimating 71% correct responses) was used to measure JNDs of pitch contour discrimination (Levitt, 1971) . Each trial consisted of a standard stimulus presented in the first interval, followed by a standard and a test stimulus randomly ordered in the second and third intervals. The inter-stimulus interval was set to 400 ms. Listeners were instructed to indicate which of the latter two intervals contained a stimulus different from the standard (i.e., the first interval). Listeners were given 10 seconds to respond in each trial and no trial was repeated. The stimuli of the next trial were automatically presented 1 second after the feedback was provided. Each block contained 60 trials.
At the beginning of each block, the F0 difference between test and standard started at 20 Hz. It was adjusted in 5-Hz steps for the first three reversals and in 1-Hz steps thereafter. For a given block, the threshold was based on the average F0 changes corresponding to the last even number of reversals in the adaptive track (excluding the first 3). The JND for a given condition was analyzed as the average threshold based on 2 blocks, unless the thresholds for the 2 blocks differed by more than 3 Hz. In this case, a 3rd block was completed and the 2 blocks with the closest thresholds were averaged. It took about a total of 2 sessions for each listener to complete this discrimination experiment with each session lasting about 2 hours. The order of the blocks was randomized for each listener.
RESULTS
As shown in Fig. 2 , JNDs of the conditions were plotted as a function of stimulus type. The thresholds ranged from 13.9 to 22.2 Hz across the two types of stimuli.
Participants' average thresholds per condition were submitted to a four-factor (stimulus type, position of F0 change, F0 contour direction, and F0 change direction) repeated-measures ANOVA with the JNDs as the dependent variable. There was a main effect of position of F0 change (F(1, 5)=30.020, p=0.003). The effects of stimulus type, F0 contour direction, and F0 change direction were not significant (all p > 0.05). No significant two-, three-, or four-factor interactions were found (all p > 0.05).
Overall, the English listeners showed significantly better tone pitch discrimination at the offset of tones than at the onset. Stimulus type, the direction of the pitch contour, and the direction of the change did not significantly influence sensitivity to changes in the F0 contour. 
DISCUSSION
There has been little research examining acoustic factors affecting non-tone language speakers' capacity to discriminate tone pitch contour changes. In the present study, JNDs of F0 contour changes were measured for English-native listeners. Sensitivity to change in the tone pitch contour was dependent on the position of change. English listeners were significantly better at discriminating changes at the offset of tones than at the onset, while there was no difference in JNDs between the rising and falling tones. These results indicate that English listeners' smaller F0 at the offset of falling F0 contours than at the onset of rising F0 contours (Liu, submitted) was due to listeners' different sensitivity between onset and offset, but not different sensitivity between falling and rising tones.
One possible account for these differences is psychophysical: basic auditory processing may involve a relatively greater perceptual sensitivity to offsets than to onsets. This idea that non-tone language listeners' process lexical tone based on a psychophysical capacity has been well established in previous research (for English speakers : Liu, submitted; Wu and Lin, 2008; for French speakers: Hallé et al., 2004; for German speakers: Peng et al., 2010) .
The perception of pitch movement may also be affected by English listeners' production and perception experiences with English intonation. Production data from English has shown the end of a sentence exhibits increased variability in F0 contours relative to the start (Chen et al., 2011) . In English, sentence-final words are typically characterized by larger changes in the offset F0 frequencies then in their onset F0 frequencies (Eady and Cooper, 1986; Rodriguez and Liu, 2010) . These speech production studies imply that English listeners may need to rely on the offset F0 more than onset F0 to perceive contour changes (e.g. intonational contrasts). In the same line, multidimensional scaling of listeners' perception of F0 contours has shown that the relative importance of various pitch features varies depending on the pitch patterns from the listeners' native languages (Gandour and Harshman, 1978; Gandour, 1983) . For instance, Mandarin speakers weigh pitch direction more heavily than do English speakers. Such cross-language differences in perceptual weighting support the idea that linguistic experience determines certain acoustic properties to appear more salient than others. Moreover, the onset-offset JND difference was presented similarly for both speech and non-speech stimuli, indicating that the intonation production and perception in English may affect listeners' basic psychophysical sensitivity.
It should be also noted that the finding that listeners performed similarly with speech and nonspeech stimuli differs from Xu et al. (2006) , in which English listeners discriminated F0 contour changes better for nonspeech than for speech. They argued this could be due to the greater complexity of the speech stimuli, which results in a decreased sensitivity to pitch. In the present study, the non-speech stimuli (which are composed of low-frequency components, e.g., between 100 and 300 Hz) might cause audibility issues as well due to generally higher audibility thresholds at low frequencies. In summary, the place of F0 change in tone pitch contours is a significant factor in English listeners' tone perception. Future directions include a comparative study with Mandarin listeners, in order to determine the extent to which threshold sensitivity for these acoustic features is attributed to a listener's long-term experience with lexical tone.
